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 Fragmenting jet functions & angularities
* Cross sections for ete- — B’s
» Comparisons with Monte Carlo

- Applications to quarkonium production



Jet Cross-Sections in SCET

Factorization «— Short Distance x Long Distance
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Factorization Theorem
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Fragmenting Jet Functions (FJF’s)

Jet with identified hadron H

Jet Energy E;

Plus Momentum p}j} — ZpJJr

Cone Size R

Additional Measured Observable
Measured energy G (E,R, 11, 2)

H
Measured angUIar’ty g’b (TC“ R’ 'LL’ Z) Jain, Procura, Waalewijn, arXiv:1 101.4953

Procura, Stewart, arXiv:0911.4980
Procura, Waalewijn, arXiv: I | | | .6605
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Calculate Cross-Section with FJFs

Jet cross-section — Jet w/ ldentified Hadron cross-section

1
‘]Z(Swu) >2(2ﬂ_)3ng(3727:u)dZ

Convolution of Matching Coefficients & Fragmentation Functions (FF’s)

Gl (s,2,11) = {%(S,u)d?f (k)| (2) where [feg](z)= / dff(:v)g(z/w)

J

Calculate J@j(S,Z,M) perturbatively for different observables

Procura, Stewart, arXiv:091 1.4980
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Our observable: Angularities Ta

a=0 thrust

Generalization of jet thrust {
a=| broadening

1 Sum over jet particles 7

_ +\1—a/2 a/2
= SO T sy o,

W =
i

S0 ||
_ ,|l'1 = .2
: 40 ||
Good analytic handle on T, 4
1 do %pifa=-|
IR Safety —oo < a< 2 0o d7q 20 ‘ na=-1/2
a=0

Factorizability —oo < a <1 I

0.00 0.05 0.10 0.15 0.20 0.25

Hornig, Lee, Ovanesyan, arXiv:0905.0168
S.D.Ellis, et. al (2010) ,arXiv:1001.0014
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First steps: e*e” collisions

R. Bain, L. Dai, A. Hornig, A.Leibovich, Y. Makris, T. Mehen

eTe” — bb vs. Monte Carlo
s B jet
ete” — qqg vs. Monte Carlo
s J/4 jet

Goal: Working towards pp — B, J/Y

Recent work on pp —> light hadrons, D’s (Chien et al. arXiv:1512.06851)



Matching Coefficients at NLO

We calculated all 4 NLO (l-loop) J;; for measured angularities

quI(waszanu) _CFOKS 1 2 —a 71-2 1 5 ,U2
2(2m)° 2 w? (7)ol Z)l—a 12 i 2111 DL

also... Jag) Tgq> Jgg

Consistency checks: |I.a—» 0 I,m,t (arXiv:1101.4953)

2. Ji(s,u) = SZ/dzzj S, 2, |h)




Cross Section for b— B*/B°

Re-summed to NLL using renormalization group (RG)

1 do®
— H (1) . unmeas(, A\
o drds — ) X ol X () xS (5) % {

% L 1 9 H _
[[—wye — wge] (1)1 TWr2 s n Ky RH bty Bz s

RG evolution kernel

Coupling of z and T, dependence appears first at NLO

Can be easily extended to other identified hadrons

S.D.Ellis, et. al (2010) , arXiv:1001.0014

10



b quark Fragmentation Function

Fit power model to LEP data

Inclusive Cross-Section vs. z
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D(z, po) = Na*(1 — x)”

N = 4684.1
a = 16.87
b = 2.028

Lo = myp = 4.5GeV

Xaor = 1.495

Kniehl, et al. arXiv:0705.4392
11



Analytic vs. Monte Carlo (B*/B°)

z distributions, Ecn= 600 GeV
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Analytic vs. Monte Carlo (B*/B°)

To distributions, Ecn= 600 GeV
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Eliminating Logs of |-z

Minimize Log(l-z) in FJF with z-dependent measured jet scale

£ 0 DI(2) ~log () with juy(2) = wrl/B-0(1 = )10/

1y (z)

z-distributions w/ minimized Log(|-z)
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Procura, Waalewijn, arXiv: 1 | [ [.6605
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Apply to Heavy Quarkonium?
Non-relativistic QCD Factorization Formalism
o(g9 — J/v+X) = o(gg — cé(n) + X){O7¥(n))

: : : 25+1 7 (1,8
Double expansion in s, v with n— +L§ )

% 102;' ARREERERARASE ::C::m '} § 1o: e 1 Fits to world data
é w0 I — CS. NLO ! = 0 , Mechanism Fitted Value
g N CS+GOMO. ; 10 —Cscontol | (070 shy) 1.32 GeV?
§ ] ‘f ’ (077358 | (2.24 £0.59) x 1073 GeV?
:: ::w; (O (88 | (4.97 £0.44) x 1072 GeV'3
%10 ' \ §‘°-3 P (O EPENY) | (=1.61 +0.20) x 1072 GeV?
S Jf 35<y<4 \; 810 F 15<ly<225

10 e 4 e 01279 8 18 20 Buttenschon, Kniehl (201 1), arXiv: | 105.0820

py [GeV] pr (GeV) Bodwin, Braaten, Lepage
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NRQCD Fragmentation Functions

Fragmentation Function vs. z of J/Y
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SS§8)
Dg_>J/¢ (2,2m.) =

1g(®)
Dg_>J/¢ (2,2m.) =

Tag(2m,)

24m3

bas(2me)

96m?

(O (BSENN6(1 - 2)

Braaten, Chen, hep-ph/9610401

(07 ¢(1S(§8))> (32 — 22 +2(1 — 2) log (1 — z)) Braaten, Chen, hep-ph/9604237

Braaten,Yuan, hep-ph/9302307
16



FJF’s and Quarkonia Production

Discriminating power between NRQCD production mechanisms
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1 ¢ .
Ol ~\ -
-
(D \
0.01|
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
Z Z

- 3SI(I) (g) S 3P_[(8) R 3SI(8)

— 35,()(c) — 1§48

Baumgart, Mehen, Leibovich, Rothstein, arXiv:1406.2295
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FJF’s and Quarkonia Production

Discriminating power between NRQCD production mechanisms
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Issues with ]/ in Monte Carlo

Angularity distributions for fixed z=0.5

PYTHIA Analytic Angularity Distribution
MadOnia/Pythia8 T_y 5, /> with z = 0.5 for 38"
S uf =172 |\ Tan
= - — T o (A
= 2| 0 L
g . |
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Z 8L :
O sE J I
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0 ; - T TR o e s S TLIﬁ Tt T rr—i
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Angularity 1,

PYTHIA seems to match our model for substructure
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Issues with /Y in Monte Carlo

z-distributions for fixed angularity

PYTHIA

MadOnia/Pythia8 z = Ejy,/ Ejer with 19 = 0.006
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PYTHIA treats octet mechanisms identically; frag. model incomplete

(Work in progress)
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Summary & Conclusions

* New calculation: FJF for measured angularities

* FJF’s help us calculate more exclusive jet cross-sections
* Our calculation fits B production in Monte Carlo (d0/dTdz)
* Method could yield insights into quarkonium production questions

* Monte Carlo fragmentation model for )/ does not match ours
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Future Work

* Further study of g fragmentation in analytic and Monte Carlo calc.
- Calculate cross-section for pp w/ measured angularity
»  Apply soft-collinear re-factorization (see Andrew Hornig’s talk)

- Extend to Next-to-next-to-leading log (NNLL) accuracy

22
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Extract LDME’s from World’s Data

Need CS+CO at NLO to fit data from various experiments

L ' L] A L} l L] L} L] ' L) L) L) l L) L} L) l L) L) L) ' L)

LHCDb data
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ssss== CS,NLO
CS+CO, LO
—— CS+CO, NLO

CS+CO, LO
— CS+CO, NLO

af Vs=7Tev = - R
10 "~
1.5<|y| <2.25 ~

NS BT BT ET 1 1 L3 L

d A A4 PR Aa i o ad s s
4 6 8 10 12 14 16 18 20

do/dp,(pp—Jiy+X) x B(Jhy—pp) [nb/GeV]
do/dp(pp—J/y+X) x B(J/y—pp) [nb/GeV]

Pr [GeV]
Mechanism Fitted Value 2 Of 26 data sets Shown
O’/ (35 1.32 GeV/? + - >
o 6 eTe”, v, P, PP, pp — J /U + X
(O7/P(3S17)) | (2,244 0.59) x 1073 GeV3
(OISO | (497 +044) x 10-2GevE | X© = 857/194 = 4.42
<0J/¢ (SPSS)» (—1.61+0.20) x 107° GeV? Buttenschon, Kniehl (201 1), arXiv: 1 105.0820
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Polarization Problem
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Blue = No feed down, pT > 3 GeV; Buttenschon et. al (2012)
Red = Chi_cJ and Psi(2S) feed down, pT > 7 GeV; Gong et al. (2013)
Green = No feed down, pT > 7 GeV; Chao et. al (2012)

Magenta = Color singlet at NLO; Buttenschon et al (2012)
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Apply to Heavy Quarkonium?

Non-relativistic QCD Factorization Formalism
o(99 — J/¢ + X) ZU 99 — cé(n) + X)(O7/? (n))

. . . 2941 1,8
Double expansion in a5,V with n—*>7 Lf] )

Color-singlet model <C’)‘]/¢(3S§1))> ~ v”

combine w/ fits or polarization problem
Color-octet mechanisms

(OIS, (07 (1S5)), (0T EP)) ~ T

Bodwin, Braaten, Lepage
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Resumming Logarithms

A=a+ « (bl + bo e

+042<
+043<
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Resummation of Logarithms

Evolve each function to common scale using RG

p |V
Hard Scale VS
L

Jet Scale

s

Soft Scale
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J/QY Production Mechanisms

Diagrams for each singlet/octet channels
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Canonical Scales in Cross-Section

hardscale_ ------------ A. --.-----.A ......................

73nmeas
meas
“unmeasured” | jummeas _ wtang T
jet scale
‘" ”» _L
n.1easured pimsesl— ;A=
jet scale
EFT matching/ I
counting | matrix element cusp | TH,J,S ,B [as] pa = 2A
LL tree |-loop tree |-loop
soft scales par = 2A tan(R/2)
NLL tree 2-loop |-loop 2-loop

meas __ 1—a
NNLL | I-loop 3-loop 2-loop 3-loop _pg®™ = wrg/tan "% (R/2)




Global Fits to World’s Data

Buttenschon, Kniehl (201 1), arXiv:1105.0820

Fit done on 194 data points, 26 data sets

$ 2 2 T 2 2 2 2
IASTEE A e (rm e M e
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Attempts to Fix Polarization Problem

Simultaneous NLO fit to CMS,ATLAS high p: production, polarization

10? | 100 |
s NLO Total | s NLO Total 1
10 - NLO Total II : 10 - NLO Total II 2
z ; CMS Data ] z ; ATLAS Data E
§ J/y production -§ § J/ production
s : 5 10
1072 102
VS =7Tev ., VS =7TeV
107 1ysl<0.9 107 |y1<0.75
10_4:‘._“_,‘_.‘_“_._"_“_-‘_"_-‘-.‘, 10-41
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
pr (GeV) pr (GeV)
lr T T T T T T T T T T T ’j’v rrrrrr E
0.8 :‘;“T ff“":f’ el o :j Chao, et al. (2012),arXiv:1201.2675
0.6 polarization _ .~ i
| (O(51)  (O(Sy))  (O(ST))  (O(Fy"))/m?
; GeV®  107%GeV® 107%2GeV®  107?GeV®
; 1.16 8.9+098 0.30+£0.12 0.56 £ 0.21
| : 1.16 0 14 2.4
04 SeL s NLO Total 1.16 11 0 0
0.6 T +  CDFRunl '
0.8 \\.\ « CDFRunll ]
T Inconsistent with global fits!
pr (GeV)
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Jet Cross-Sections with Angularities

Jet substructure technology —> New observables

Factorization Theorem (SCET)

Hard function H (u)

do~HxJV o J2 < J68) <9 { Jet Functions  J1) ()
Soft Function  .S(u)

Angularities

1 Sum over jet particles ?
Ta = ; Z (p;f)l_a’/z(p;)&/2 { Good analytical handle on them
w = Zpi_ ~ 2 e
0

1

IR Safety oo < q < 2
Factorizability —oo <a <1

S.D.Ellis, et. al (2010) , arXiv:1001.0014
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1 do\
oo dr,dz

f ® 9] (7a)

Deriving the Cross Section

Measure Hadron zand Jet T

= Hsee a0 3 | (57 ) @ 526 ) ()« DY ()| 2

J
Convolutions of the form

E/dT’f(T—T’)g(T’) [f o g] (z)z/ ?f(:v)g(z/a:)
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NRQCD Fragmentation Functions

Matching QCD and NRQCD

/
\.<
— P a— —

Perturbatively Calculable Frag. Functions

3 @(8) )
D% 2me) = TRl @1 5o - )
m
c Braaten, Chen, hep-ph/9610401
Braaten, Chen, hep-ph/9604237

Braaten, Yuan, hep-ph/9302307
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Definitions of Operators

QCD Fragmentation Function

det .. - + 1
Dh _ ik~ x™ /2
(2) == | e AN,

Tr ) (0] (x™,0,0.L) [ Xh) (Xh[)(0)[0) |p}¢:o

X

SCET Fragmentation Function

h(Ph _ + 1
Dq(?a:u)_ﬂ-w/dph 4Nc

Tr ) (0] 6, 500.p. Xn(0) | X 1) (XA ¥ (0) 0)

SCET Jet Function

3 [ e T (] %a@) [X,) (Xl o (0) )

10 = NG p

SCET Fragmenting Jet Function

e ] i}
g(’;,bare(sﬁz) — /d4yelk Yy~ /2 /dpz ? 4N(. tr [%(0“(5&)? 50,’PlXn(y)]IXh><Xh|Xn(O)|O>]
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